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SUMMARY 
Radiators  must be const ructed of m a t e r i a l s  which have h i g h  emit tance i n  
o rde r  to  e f f i c i e n t l y  r a d i a t e  heat from h igh  temperature space power systems. 
I n  a d d i t i o n ,  if these r a d i a t o r s  are to  be used f o r  a p p l i c a t i o n s  i n  the low 
Ear th o r b i t a l  environment, they must n o t  be d e t r i m e n t a l l y  af fected by exposure 
to  atomic oxygen. Four m a t e r i a l s  se lected as candidate r a d i a t o r  m a t e r i a l s  
(304 s t a i n l e s s  s t e e l ,  copper, t i tanium-6% aluminum-4% vanadium (Ti-6%A1-4%V>, 
and niobium-1% z i rconium (Nb-l%Zr)) were surface mod i f i ed  by a c i d  e tch ing ,  
heat t r e a t i n g ,  abrading, s p u t t e r  t e x t u r i n g ,  e lect rochemical  e t ch ing ,  and combi- 
na t i ons  o f  the  above i n  o rde r  t o  improve t h e i r  emit tance. Combination t r e a t -  
ment techniques w i t h  heat t r e a t i n g  as the  second t reatment  prov ided about a 
fac to r  of  two improvement i n  emit tance fo r  304 s t a i n l e s s  s t e e l ,  Ti-6%A1-4%V, 
and Nb-l%Zr. A f a c t o r  of  th ree  improvement i n  emit tance occurred fo r  d i s -  
charge chamber s p u t t e r  t e x t u r e d  copper. Exposure t o  atomic oxygen i n  RF p las -  
ma asher d i d  n o t  s i g n i f i c a n t l y  change the emittance o f  those samples t h a t  had 
been heat t r e a t e d  as p a r t  of t h e i r  t e x t u r i n g  process. An e v a l u a t i o n  o f  oxygen 
p e n e t r a t i o n  i s  needed t o  understand how o x i d a t i o n  a f f e c t s  the mechanical prop- 
e r t i e s  o f  these m a t e r i a l s  when heat t reated.  
INTRODUCTION 
Research to  produce r a d i a t o r s  which can e m i t  waste heat e f f i c i e n t l y ,  and 
can operate a t  h igh  temperatures has become i n c r e a s i n g l y  impor tan t  w i t h  the 
development of h igh  power systems for  use i n  space. 
major a p p l i c a t i o n s  f o r  r a d i a t o r s :  
SP-100 f o r  h i g h  power Ear th  o r b i t a l  space systems; (2) s o l a r  dynamic power mod- . 
u l e  fo r  space s t a t i o n ;  and (3) advanced so lar  dynamic systems fo r  growth ver-  
s ions o f  the space s t a t i o n  and o t h e r  a p p l i c a t i o n s  where the  means of  producing 
power through s o l a r  d r i v e n  systems i s  a v a i l a b l e  ( r e f .  1 ) .  Each a p p l i c a t i o n  
r e q u i r e s  d i f f e r e n t  o p e r a t i n g  temperatures, power l e v e l s ,  environmental  con- 
cerns, and opera t i ona l  goals  ( r e f s .  2 and 3 ) ( t a b l e  I ) .  Therefore,  each r a d i a -  
tor must be durable i n  the environmental and o p e r a t i o n a l  ranges s p e c i f i c  t o  
i t s  a p p l i c a t i o n .  
C u r r e n t l y  t he re  are th ree  
( 1 )  space nuc lear  power systems such as 
Radiators that operate in the low Earth orbital (LEO) environment must be 
resistant to attack by atomic oxygen, the predominant species in LEO. Even 
though the probable altitude (700 km) for the initial SP-100 flight is such 
that the concentration of atomic oxygen is very low (ref. 41, some change in 
surface properties could occur, because atomic oxygen degradation is predomi- 
nantly a surface effect. Although polymers undergo a change in surface mor- 
phology when exposed to atomic oxygen (refs. 5 and 6), little is known about 
the change in the surface morphology o r  chemistry of metals as a result of 
their interaction with atomic oxygen at elevated temperatures. 
that exposure to atomic oxygen could alter the surface of a metallic radiator 
enough t o  reduce its ability t o  dissipate waste heat. 
It is possible 
Radiators must have high emittance values for efficient heat dissipa- 
tion. In order to improve a material's emittance, the surface morphology can 
be changed by adding a thin or thick coating t o  the surface, o r  texturing the 
surface by a variety of techniques. Thick coatings are undesirable because 
they may spa11 due t o  differential thermal stresses between the coating and 
substrate. These stresses could be increased during the temperature extremes 
of thermal cycling. 
tance would be reduced because of the removal of the coating, and atomic oxy- 
gen could attack the underlying surface. 
If spalling occured while in low Earth orbit, the emit- 
Both thin film coatings and surface texturing have potential as emittance 
The substates that were textured were 
a1 tering techniques for radiators. 
of emittance through surface texturing. 
space nuclear reactor radiator materials, as well as one Space Station Solar 
Dynamic Power Module radiator material. 
This paper concentrates o n  the a1 teration 
APPARATUS AND PROCEDURE 
Se 1 ec t i on of Rad i a tor Mater i a1 s 
Four metals were selected as potential radiator materials for initial tex- 
turing research: niobium-1% zirconium (Nb-l%Zr>, titanium-6% aluminum-4% 
vanadium (Ti-6%A1-4%V), 304 stainless steel, and copper. The first three 
materials were chosen as candidate materials for space nuclear power system 
radiators based on their density, thermal conductivity, melting temperature, 
strength at elevated temperatures, atomic oxygen durabi 1 i ty, ease of fabrica- 
tion and compatibility with sodium and potassium (this becomes of importance 
only if the potassium o r  sodium containing heat pipe is used as a radiator). 
The fourth material, a copper-graphite metal matrix composite was selected as 
one possible candidate for Space Station Solar Dynamic Power Module radiators 
based o n  density, thermal conductivity, me1 ting temperature, atomic oxygen 
durabi 1 i ty, and ease of fabrication. 
results to those for the copper-graphite metal matrlx composite, because the 
composite has a copper clad surface of greater than 0.1 mm and texturing is a 
surface phenomenon. 
Texturing of copper should yield similar 
Surface Texturing Techniques 
Surface texturing was achieved by using a variety of treatments inc 
acid etching, heat treating, abrading, electrochemical etching, and ion 
udi ng 
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t e x t u r i n g .  
to  improve t h e  emit tance. 
Combinations of these t e x t u r i n g  techniques were a l s o  used i n  o rde r  
I 
I .  
Ac id  e tch ing .  - For a l t e r a t i o n  o f  the surface t e x t u r e  of the  f o u r  r a d i a -  
tor  m a t e r i a l s ,  t h ree  d i f f e r e n t  ac ids  were used: 
r i c  a c i d  ( H C l ) ,  and h y d r o f l u o r i c  a c i d  (HF).  Concentrated a c i d  was used i n  a l l  
cases. 
evaluated. I n  the case of HF, o n l y  r o o m  temperature a c i d  exposure was evalu- 
ated. S t a i n l e s s  s t e e l  ( t ype  304) was exposed to  b o i l i n g  1.8 M and 18 M su l -  
f u r i c  a c i d  s o l u t i o n s  t o  study the  e f fec t  o f  a c i d  concen t ra t i on  on the  
emit tance. Dura t i on  of a c i d  exposure va r ied  depending on the m a t e r i a l  be ing  
exposed, and exposure was terminated when no f u r t h e r  v i s u a l  change t o  the sur-  
face was observed. 
n i t r i c  a c i d  ("031, hydrochlo- 
For HNO3 and HC1, rmm temperature and b o i l i n g  a c i d  s o l u t i o n s  were 
Heat t r e a t i n q .  - Two methods of heat t r e a t i n g  were used t o  a l t e r  t he  e m i t -  
tance o f  the r a d i a t o r  surfaces. The first method was t o  p lace  samples i n  a 
preheated atmospheric muffle furnace (Sybron: Thermolyne 1400) a t  tempera- 
tu res  of  1255 K for Nb-lXZr, s t a i n l e s s  s t e e l ,  and copper; and a t  1089 K for  
Ti-6%Al-4%V. Exposure temperature was va r ied  for  s t a i n l e s s  s t e e l  t o  determine 
i f  the re  was an e f f e c t  of exposure temperature on emit tance for a g i ven  expo- 
sure t ime o f  1 h r .  
sample to  t h e  h o t t e s t  p a r t  of the  f lame o f  a propane t o r c h  w h i l e  moving the 
t o r c h  back and f o r t h  across the sample i n  o r d e r  to  achieve a u n i f o r m  
exposure. 
The second method of heat t r e a t i n g  i nvo l ved  exposing the  
Abrasion. - Tex tu r ing  by abras ion was performed by e i t h e r  sandblast ing 
wi th  spher i ca l  g lass beads 27 pm i n  diameter or sanding i n  a crosshatch ing man- 
ner w i t h  number 320 g r i t  s i l i c o n  ca rb ide  paper. 
Ti-6%A1-4%V, and copper was performed a t  an o p e r a t i n g  pressure o f  10 p s i  fo r  
lengths o f  t ime t h a t  v a r i e d  w i t h  t h e  ma te r ia l  be ing tex tu red .  
for t e x t u r i n g  304 s t a i n l e s s  s t e e l  va r ied .  A pressure o f  80 p s i  was used for  
samples t h a t  were sandblasted, and those w i t h  a combination t reatment  o f  hydro- 
c h l o r i c  a c i d  exposure and sandblast ing.  E i g h t y  p s i  was found t o  deform the 
304 s t a i n l e s s  s t e e l ,  so the pressure was reduced for the remainder o f  the  sam- 
p l e s  tex tu red .  F o r t y  p s i  was used f o r  samples w i t h  a combination t reatment  of  
sanding and sandblast ing.  A l l  remaining s t a i n l e s s  s t e e l  samples were sand- 
b l a s t e d  a t  a pressure o f  20 p s i .  
Sandblast ing for  Nb-lXZr, 
Pressures used 
Electro-chemical  e tch ing.  - A l l  surfaces t e x t u r e d  e l e c t r o c h e m i c a l l y  were 
immersed i n  a s o l u t i o n  o f  1M f e r r i c  c h l o r i d e  (FeC13) and 1M h y d r o c h l o r i c  a c i d  
(HC1) w i t h  i r o n  as the counter e lec t rode .  For copper, the e lect rochemical  
r e a c t i o n  was s e l f  i n i t i a t i n g ,  and no external  b i a s  was needed. With Nb-lXZr, 
304 s t a i n l e s s  steel, and Ti-6%A1-4%V a cu r ren t  of 1 A was app l i ed .  
I o n  t e x t u r i n g .  - Three methods o f  ion t e x t u r i n g  were used for  a l t e r i n g  
the emit tance o f  the r a d i a t o r  m a t e r i a l s :  n a t u r a l  t e x t u r i n g ,  seed t e x t u r i n g ,  
and discharge chamber s p u t t e r  t e x t u r i n g .  Na tu ra l  t e x t u r i n g  r e s u l t s  when a 
h i g h  energy i o n  beam (-1000 eV) bombards a nonhomogeneous sur face ( r e f .  7). 
The v a r y i n g  s p u t t e r  y i e l d s  due to  d i s s i m i l a r  m a t e r i a l s  or v a r i a t i o n s  i n  micro-  
s t r u c t u r e  l ead  to  p r e f e r e n t i a l  e t c h i n g  of t h e  sur face g i v i n g  i t  a t e x t u r e d  
appearance ( r e f .  7). Seed t e x t u r i n g  i s  a technique s i m i l a r  to  n a t u r a l  t e x t u r -  
ing,  b u t  i s  used when the m a t e r i a l  to  be t e x t u r e d  i s  homogeneous w i t h  no sur-  
face v a r i a t i o n  i n  the s p u t t e r  y i e l d  ( r e f .  7). For t h i s  technique a seed 
t a r g e t  i s  p laced so t h a t  a small  amount of the seed m a t e r i a l  lands on the  sur-  
face being s p u t t e r  etched ( r e f .  7). T y p i c a l l y ,  the seed m a t e r i a l  has a lower 
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s p u t t e r  y i e l d  than the subs t ra te  t o  be tex tu red ,  so t e x t u r i n g  occurs by v i r t u e  ~ 
o f  an a r t i f i c i a l l y  created nonhomogeneous sur face ( r e f .  7 ) .  Discharge chamber 
t e x t u r i n g  u t i l i z e s  a t r i o d e  system I n  which the subs t ra te  t o  be seed t e x t u r e d  
i s  b iased t o  a c e r t a i n  p o t e n t i a l  ( r e f .  8 ) .  The ions  i n  the plasma surrounding 
the  substrate are a t t r a c t e d  t o  the subs t ra te  by the  p o t e n t i a l  d i f f e r e n c e ,  and 
the  impact o f  the ions r e s u l t s  i n  s p u t t e r  t e x t u r i n g  ( r e f .  8) .  For a l l  o f  the 
discharge chamber r e s u l t s  repor ted,  a Ta seed t a r g e t  was used; and i t  was 
biased a t  the same p o t e n t i a l  as the subs t ra te  ( r e f .  8) .  D e t a i l s  o f  t h i s  tech- 
nique a re  discussed f u r t h e r  i n  the re fe rence  by M i r t i c h  e t  a l .  ( r e f .  8) .  
Emittance Measuring Techniques 
The emittance of the tex tu red  sur faces was measured us ing  several  types 
of inst rumentat ion.  
was used t o  measure the  spec t ra l  emit tance a t  a wavelength o f  8.16 pm which 
corresponds to 355 K. 
dynamic r a d i a t o r  surfaces. A Pe rk in  E l m e r  Lambda-9 UV-Visible-Near I R  spectro- 
photometer was used to  measure the s p e c t r a l  emit tance a t  a wavelength of 2.5 
pm corresponding t o  1159 K. This i s  near the temperature range of  the SP-100 
r a d i a t o r  surfaces. The t o t a l  emit tance o f  a f e w  se lec ted  samples was ob ta ined  
w i t h  a Hohlraum Ref lectometer (Pe rk in  E l m e r ) .  
apparatus i s  1.5 t o  15 pm. The t o t a l  emit tance was obta ined from r e f l e c t a n c e  
data normalized t o  700 and 900 K blackbodies.  
A r o o m  temperature emissometer (Devices and Serv ices Co.) 
This i s  i n  t he  range needed for  the Space S t a t i o n  s o l a r  
The wavelength range o f  t h i s  
Environmental Exposure Techniques 
Radiator m a t e r i a l s  t h a t  had been t e x t u r e d  and had a t t a i n e d  the  h i g h e s t  
values of  emittance were exposed to  an atomic oxygen environment i n  an RF 
plasma asher. 
Pressures ranged f rom approximately 30 to  100 pm d u r i n g  exposure. 
The asher produced an a i r  plasma a t  a f requency o f  13.56 MHz. 
RESULTS AND DISCUSSION 
Tex tu r ing  
The t e x t u r i n g  techniques descr ibed i n  the prev ious s e c t i o n  were used 
e i t h e r  s i n g l y  or i n  combination i n  an at tempt  t o  increase the  emit tance o f  
each mater ia l  t es ted .  The goal was t o  increase the  emit tance of the m a t e r i a l  
so t h a t  i t  f e l l  w i t h i n  the des i red  range for  i t s  a p p l i c a t i o n  as shown i n  
t a b l e  I. The r e s u l t s  obta ined for each r a d i a t o r  m a t e r i a l  w i l l  be discussed 
i n d i v i d u a l l y .  
Due t o  the l a r g e  number of t reatment techniques and combinations of  t r e a t -  
ments poss ib le ,  a m a t r i x  c h a r t  was developed for  each m a t e r i a l  i n  o rde r  to 
organize t h e  emit tance r e s u l t s .  Figures 1 ,  7, 8, and 9 c o n t a i n  the ma t r i ces  
for  the four metals evaluated. The numbers i n  the  t a b l e  rep resen t  the spec- 
t r a l  emittance a t  2.5 and 8.2 pm as we1 1 as the t o t a l  emit tance a t  700 and 
900 K for each t e x t u r i n g  t reatment or combination. 
onal  represent the h ighes t  emittances ob ta ined  for s i n g l e  t reatments,  and the 
remainder o f  the f i e l d  represents  the h i g h e s t  emit tances obta ined for  the  com- 
b i n a t i o n  treatments. 
The numbers a long the diag- 
Each m a t r i x  represents  over 50 t e s t s  for each m a t e r i a l  
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i n  which the  v e r t i c a l  columns a re  the  first t rea tment  technique and t h e  h o r i -  
zon ta l  rows are  the  second t rea tment  technique. 
a s t e r i s k  represent  those samples t h a t  have been exposed i n  a plasma asher 
a f t e r  t e x t u r i n g .  
Emit tance da ta  l i s t e d  w i t h  an 
S t a i n l e s s  s t e e l  ( type  304). - F igu re  1 con ta ins  the  m a t r i x  for  304 s ta in -  
l e s s  s t e e l .  The spec t ra l  emit tance a t  2.5 pm was used as a s e l e c t i o n  guide 
for  t h i s  m a t e r i a l  because i t  i s  i n  the  temperature range o f  SP-100. O f  t h e  
s i n g l e  t reatments,  t he  h ighes t  spec t ra l  emittance was ob ta ined by heat  t r e a t -  
i n g  the  s t a i n l e s s  s t e e l  us ing  a fu rnace.  The emi t tance a t  2.5 pin v a r i e d  w i t h  
the  furnace temperature used. Th is  i s  i l l u s t r a t e d  i n  f i g u r e  2 for  s t a i n l e s s  
s t e e l  samples t h a t  were exposed i n  the  furnace a t  a f i x e d  temperature for  
1 h r .  Above 1311 K f o r  304 s t a i n l e s s  s tee l  t h e  emit tance no longer  changes as 
r a p i d l y  and may even be l e v e l i n g  o f f .  Higher temperatures may p l a y  no addi-  
t i o n a l  r o l e  i n  sur face  o x i d a t i o n .  The t i m e  i t  takes t o  develop a f u l l y  ox i -  
d i zed  sur face  i s  shown i n  f i g u r e  3 where the emit tance versus fu rnace exposure 
t ime a t  1311 K for  304 s t a i n l e s s  s t e e l  i s  p l o t t e d .  A t  t h i s  temperature, com- 
p l e t e  o x i d a t i o n  o f  t h e  sur face  occurs a f te r  approx imate ly  90 min o f  exposure. 
Spec t ra l  emit tances a t  2.5 pm v a r y i n g  between 0.91 and 0.93 can be ob ta ined by 
t h i s  technique. Th is  i s  w e l l  above t h e  emittance goal for  the  SP 100 space 
nuc lear  r e a c t o r .  One disadvantage to  t h i s  technique i s  t h a t  i t  r e q u i r e s  a con- 
ve rs ion  o f  some o f  the  sur face  m a t e r i a l  i n t o  an ox ide .  
o x i d a t i o n  i s  deep i n t o  the  m a t e r i a l ,  i t  could cause a de t r imen ta l  change i n  
the  b u l k  mechanical p r o p e r t i e s .  
I f  t h e  p e n e t r a t i o n  of 
Discharge chamber s p u t t e r  t e x t u r i n g  provided the  second h ighes t  s i n g l e  
t e x t u r i n g  r e s u l t  for spec t ra l  emit tance. Spec t ra l  values near 0.82 a t  2.5 pm 
were ob ta ined us ing  t h i s  technique ( r e f .  8). This  i s  s l i g h t l y  below t h e  
des i red  emit tance value for SP-100, b u t  i s  s t i l l  a reasonable value. The 
t o t a l  emit tance a t  700 and 900 K i s  t he  h ighes t  measured t o  date for  s t a i n l e s s  
s t e e l .  The technique of discharge chamber s p u t t e r  t e x t u r i n g  may a l s o  have the  
advantaqe t h a t  i t  may have no e f fec t  on the surface or b u l k  chemis t ry  o f  the  
m a t e r i a l .  These r e s u l t s  a re  discussed i n  g rea te r  d e t a i l  i n  re fe rence 8.  
I o n  beam t e x t u r i n g  (bo th  n a t u r a l  and seed t e x t u r i n g ) ,  e lec t rochemica l  t e x -  
t u r i n g ,  abrasion, propane heat ing ,  and exposure t o  HC1 and HNO3 had l i t t l e  t o  
no e f f e c t  on the  spec t ra l  emit tance a t  2.5 pm. 
. v ided the  bes t  spec t ra l  emit tance o f  these remaining techniques. A s p e c t r a l  
emit tance a t  2.5 pm of 0.69 was ob ta ined w i th  a 1.8 molar s o l u t i o n  o f  H2SO4. 
I t  would be expected t h a t  t he  h igher  t h e  concent ra t ion  of  a c i d  i n  aqueous solu- 
t i o n ,  t he  h igher  would be the  amount o f  surface t e x t u r i n g  caused by co r ros ion .  
For s t a i n l e s s  s tee l  i n  s u l f u r i c  ac id ,  t h i s  was n o t  t h e  case. More t e x t u r i n g  
or co r ros ion  a c t u a l l y  occured a t  lower concentrat ions o f  a c i d  than for  concen- 
t r a t e d  a c i d  as shown i n  f i g u r e  4. This  r e s u l t  i s  t y p i c a l  o f  t h a t  ob ta ined by 
co r ros ion  engineers for s t a i n l e s s  s t e e l  i n  s u l f u r i c  a c i d .  These r e s u l t s  can 
be exp la ined by the  p o l a r i z a t i o n  curve shown i n  f i g u r e  5. A t  low concentra- 
t i o n s  o f  ac id ,  t he  co r ros ion  r a t e  increases w i t h  a c i d  concen t ra t i on  ( r e f .  9). 
A t  some concen t ra t i on  o f  H2SO4, the  o x i d i z i n g  power o f  the  s o l u t i o n  becomes 
h i g h  enough t h a t  when a p iece  o f  s t a i n l e s s  s t e e l  i s  immersed i n  i t ,  t h e  s t a i n -  
l e s s  s t e e l  o x i d i z e s  t o  form a ve ry  t h i n  f i l m  o f  Fe3O4 which p r o t e c t s  t h e  
sur face  from f u r t h e r  co r ros ion  ( r e f .  9). The c o r r o s i o n  r a t e  a t  a c i d  concentra- 
t i o n s  h i g h  enough for t h i s  p a s s i v a t i n g  coat ing  t o  form i s  ve ry  low ( r e f .  9). 
As the  o x i d i z i n g  power i s  increased, even tua l l y  a p o i n t  w i l l  be reached where 
the  coa t ing  w i l l  be removed from the  surface ( r e f .  9). I t  i s  i n t e r e s t i n g  t o  
no te  t h a t  t he  measured emit tance o f  the  sample exposed t o  the  concent ra ted  
Exposure t o  s u l f u r i c  a c i d  pro- 
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a c i d  s o l u t i o n  i s  a c t u a l l y  lower than t h a t  of the un t rea ted  sample. The a l t e r a -  
t i o n  o f  the surface by the ve ry  t h i n  o x i d e  c o a t i n g  may be t h e  cause fo r  t h e  
decreased emittance. 
M u l t i p l e  treatments can improve the emit tance o f  a sur face over  t h a t  which 
can be obtained by us ing  s i n g l e  t reatments.  The s p e c t r a l  emi t tance a t  8.2 pm 
i l l u s t r a t e s  t h i s  the bes t  as shown i n  f i g u r e  6. A t  t h i s  wavelength the spec- 
t r a l  emittance of 304 s t a i n l e s s  s t e e l  has been improved by approx imate ly  a fac- 
tor o f  three over unt reated s t a i n l e s s  s t e e l  by heat t r e a t i n g  i n  a i r  a t  1255 K .  
Exposure i n  concentrated HC1 improves t h e  s p e c t r a l  emit tance by approx imate ly  
a f a c t o r  of 6. The emit tance o f  s t a i n l e s s  s t e e l  exposed t o  HC1 f o l l o w e d  by 
heat t r e a t i n g  i s  improved by more than a f a c t o r  o f  8. This i l l u s t r a t e s  the  
increase i n  emit tance obta ined by m u l t i p l e  t e x t u r i n g  t reatments.  
a l s o  i l l u s t r a t e s  the sur face morphology changes t h a t  take p lace  upon t e x t u r i n g  
t o  produce a h i g h l y  e m i t t i n g  surface. The s p e c t r a l  emit tance a t  2.5 pm for 
s t a i n l e s s  s tee l  was no t  as g r e a t l y  a f f e c t e d  by m u l t i p l e  t reatment  t e x t u r i n g .  
F igu re  6 
Copper. - For t h i s  s o l a r  dynamic r a d i a t o r  m a t e r i a l ,  t he  most impor tan t  
values of  spect ra l  emit tance occur a t  8.2 pm. F igu re  7 shows the  t e x t u r i n g  
m a t r i x  f o r  copper. The s i n g l e  sur face treatments for  copper were ob ta ined  by 
heat t r e a t i n g  i n  a furnace ( E  = 0.62) and discharge chamber s p u t t e r  t e x t u r i n g  
( E  = 0.57). Abrasion, heat t r e a t i n g  w i t h  a propane to rch ,  exposure t o  "03, 
and electrochemical  t e x t u r i n g  a l s o  improved the emit tance; however, t h e  
improvement was no t  as g r e a t  as t h a t  for heat t reatment  and d ischarge chamber 
s p u t t e r  t e x t u r i n g .  Combination t reatments i n v o l v i n g  heat t r e a t i n g  i n  a f u r -  
nace as the f i r s t  o r  second treatment prov ided the  bes t  improvements i n  the  
spec t ra l  emittance a t  8.2 pm t o  date. 
i n g  increased the spec t ra l  emit tance t o  approximately 0.72. These a r e  ve ry  
l a r g e  improvements i n  emit tance when compared to the un t rea ted  copper s p e c t r a l  
emit tance o f  0.01 a t  8.2 pm. A t  2.5 pm discharge chamber s p u t t e r  t e x t u r i n g  
gave the  h ighest  emit tance ( E  = 0.88). This i s  approximately a f a c t o r  o f  4 
increase over the unt reated copper emit tance o f  0.28. To ta l  emi t tance a t  700 
and 900 K i s  a l s o  h igh  for  t h i s  technique and i s  above the goal l i s t e d  for  
space s t a t i o n  so la r  dynamic r a d i a t o r s .  Values obta ined t o  date a re  0.978 a t  
700 K and 0.983 a t  900 K .  
I o n  beam t e x t u r i n g  f o l l o w i n g  heat t r e a t -  
Titanium-6% aluminum-4% vanadium. - For Ti-6%Al-4%V, the s i n g l e  t e x t u r i n g  
technique t h a t  produced the h ighest  value o f  emit tance was heat t r e a t i n g .  
ure 8 shows the emittance values ob ta ined  for t h i s  m a t e r i a l .  Th is  technique 
increased the spec t ra l  emit tance from 0.52 t o  0.74 a t  2.5 pm. Discharge cham- 
ber sput ter  t e x t u r i n g  a l s o  proved t o  be an e f f e c t i v e  technique for  improv ing 
the e m i t t a n c e  by i nc reas ing  the spec t ra l  emit tance o f  t h i s  m a t e r i a l  t o  0.72 a t  
2.5 pm. 
Fig-  
Combination treatments i n v o l v i n g  heat  t r e a t i n g  as e i t h e r  a f i r s t  or sec- 
ond treatment were a l s o  e f f e c t i v e  i n  i nc reas ing  the emit tance o f  Ti-6%A1-4%V. 
Values of spec t ra l  emit tance for  t h i s  combination o f  t reatments ranged from 
0.75 t o  0.82 a t  2.5 pm. However, no values for  t h i s  m a t e r i a l  were  above the  
des i red  goal for  SP-100. 
Niobium-1% zirconium. - The emit tance data obta ined from var ious  t e x t u r -  
i n g  treatments on Nb-1%Zr are shown i n  f i g u r e  9.  
produces the  h ighest  spec t ra l  emit tance a t  2.5 pm i s  heat t r e a t i n g  i n  a f u r -  
nace. Spectral emit tance increased from 0.46 to  0.89 a t  2.5 pm. Heat ing w i t h  
The s i n g l e  t reatment  t h a t  
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a propane t o r c h  produced the second h ighest  value o f  spec t ra l  emit tance ( C  = 
0.72). The t o t a l  emit tance a t  700 and 900 K doubled for  furnace heat  t r e a t e d  
Nb-l%Zr from 0.25 t o  0.48 a t  700 K and from 0.28 t o  0.50 a t  900 K. 
Mu1 t i p l e  t reatments i n v o l v i n g  heat t r e a t i n g  and abras ion produced h ighe r  
values of  emit tance than the s i n g l e  t e x t u r i n g  t reatment techniques as i l l u s -  
t r a t e d  i n  f i g u r e  10. 
Nb-1%Zr i s  lower than t h a t  fo r  the  o r i g i n a l  un t rea ted  m a t e r i a l ,  t he  sandblast-  
i n g  when combined w i t h  furnace heat t reatment y i e l d s  an increase i n  the  emit-  
tance g r e a t e r  than t h a t  produced by heat t reatment alone. Exposure to  atomic 
oxygen i n  a plasma asher appears to  increase the emit tance o f  the  t r e a t e d  sam- 
p l e  f u r t h e r .  For Nb-1%Zr, i t  i s  poss ib le  t h a t  t he  ox ide  formed d u r i n g  heat 
t reatment  may be porous or loosely attached so t h a t  f u r t h e r  o x i d a t i o n  can take 
p lace i n  the  a i r  plasma. F igu re  10 a l s o  i l l u s t r a t e s  the change i n  sur face mor- 
phology t h a t  takes p lace  upon t e x t u r i n g .  Exposure to  a 5 percent  aqueous solu- 
t i o n  o f  NaOH f o l l o w e d  by heat t r e a t i n g  produced the h ighes t  value o f  s p e c t r a l  
emit tance a t  2.5 pm. I t  prov ided an increase from 0.46 t o  0.95. This  tech- 
nique i s  i m p r a c t i c a l ,  however, because t h e  r e a c t i o n  r a t e  i s  slow. Approxi-  
mately two months o f  exposure i n  the  base was r e q u i r e d  for  a change i n  the 
sur face t o  occur.  
While the  measured spec t ra l  emit tance for  sandblasted 
For m o s t  of  the heat t r e a t i n g  and abrading techniques used, regard less of 
Ox ida t i on  o f  tne sur face seems to  produce a sub- 
which was the  f i r s t  or second treatment,  the spec t ra l  emit tance and t o t a l  e m i t -  
tance a t  700 and 900 K doubled. The spect ra l  emit tance a t  2.5 pm was above 
the des i red  goal for  SP-100. 
s t a n t i a l  increase i n  the emit tance of  Nb-1%Zr, however t h e r e  a re  some draw- 
backs t o  t h i s  technique. Oxygen probably penetrates deep i n t o  the  Nb-l%Zr 
l ead ing  to embr i t t lement  o f  the m a t e r i a l .  Much more i n f o r m a t i o n  about the 
depth o f  p e n e t r a t i o n  and the  mechanical p r o p e r t i e s  a f t e r  t e x t u r i n g  i s  needed. 
Environmental Exposure 
A l l  t e s t i n g  for  d u r a b i l i t y  t o  the  low Ear th o r b i t a l  environment i nvo l ved  
exposure t o  atomic oxygen i n  a plasma asher. The samples e x h i b i t i n g  the high- 
e s t  values o f  emit tance a f t e r  t reatment were tes ted .  F igu re  11 i l l u s t r a t e s  
some of the r e s u l t s  obtained. For Nb-1%Zr, the emit tance w i t h  ashing t i m e  d i d  
n o t  va ry  s u b s t a n t i a l l y  for  the heat t rea ted  sample. Perhaps a cont inuous and 
nonporous ox ide  l a y e r  formed on t h i s  surface du r ing  heat t reatment  c o u l d  pro- 
v i d e  a p r o t e c t i v e  b a r r i e r  t o  f u r t h e r  o x i d a t i o n .  
Table I 1  prov ides a summary of  the emittance enhancement r e s u l t s  for  the  
four meta ls  t e s t e d  showing the best  treatment technique and values of e m i t -  
tance before and a f t e r  t e x t u r i n g .  
tance a f t e r  exposing these t e x t u r e d  surfaces to atomic oxygen i n  a plasma 
asher. For s t a i n l e s s  s t e e l  t h a t  had been exposed to  h y d r o c h l o r i c  a c i d  then 
heat t r e a t e d ,  t he re  was no no t i ceab le  change i n  emit tance. M i r t i c h  e t  a l .  
have r e p o r t e d  a decrease i n  emit tance for s t a i n l e s s  s t e e l  t h a t  had been d i s -  
charge chamber s p u t t e r  t e x t u r e d  and then exposed to  atomic oxygen. This  i n d i -  
cates t h a t  atomic oxygen may a l t e r  the surface enough t o  d e t r i m e n t a l l y  a f fec t  
t he  emit tance of some m a t e r i a l s .  The e f f e c t  i s  h i g h l y  dependent on the  mater- 
i a l  and the t e x t u r i n g  technique. Emittance d i d  n o t  change for  Nb-1%Zr t h a t  
had been propane t o r c h  heat t r e a t e d  and then furnace heat t r e a t e d ,  and a l s o  
for  Ti-6%A1-4%V t h a t  had been sandblasted and then furnace heat t r e a t e d .  Cop- 
per t h a t  had been discharge chamber spu t te r  t ex tu red  appeared t o  increase 
This tab le  a l s o  shows the r e s u l t i n g  e m i t -  
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s l i g h t l y  i n  emit tance upon exposure to  atomic oxygen. 
ference may be t h a t  i t was t e x t u r e d  by a technique t h a t  d i d  n o t  i n v o l v e  oxida- 
t i o n .  Evaluat ion of more surfaces roughened by va r ious  types of  techniques 
may shed more l i g h t  on t h i s .  
The reason for t h i s  d i f -  
CONCLUSION 
M u l t i p l e  t e x t u r i n g  techniques i n v o l v i n g  heat t r e a t i n g  i n  a furnace as the  
second treatment prov ided the bes t  values o f  emit tance for  304 s t a i n l e s s  
s t e e l ,  Ti-6%A1-4%V, and Nb-1XZr. Emittances increased by almost a f a c t o r  of 
two fo r  these metals upon t e x t u r i n g ,  and changed ve ry  l i t t l e  upon exposure t o  
atomic oxygen. Ox ida t i on  o f  the  sur face d u r i n g  heat  t r e a t i n g  may e x p l a i n  
t h i s .  
prov ided the bes t  value o f  emit tance, i n c r e a s i n g  the emit tance by over  a fac- 
tor of three. Exposure to  atomic oxygen increased the emit tance f u r t h e r .  
emit tance can be p o s i t i v e l y  o r  n e g a t i v e l y  a f f e c t e d  by exposure to  atomic oxy- 
gen depending on the m a t e r i a l  and the  t e x t u r i n g  technique. Eva lua t i on  o f  the  
ef fect  o f  o x i d a t i o n  on the mechanical p r o p e r t i e s  o f  these m a t e r i a l s  would be 
of g rea t  importance. 
For copper, the s i n g l e  t reatment  of discharge chamber s p u t t e r  t e x t u r i n g  
The 
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TABLE I. - RADIATOR OPERATING PARAMETERS AND -GOALS 
Emittance 
before 
tex tu r i ng  
0.4720.02 
0.28+0.02 
0.5220.02 
0.46gO .02 
Radiator 
Emittance 
a f t e r  
t ex tu r i ng  
0.93k0.02 
0.88k0.02 
0.8320.2 
0.91k0.02 
SP-100 
Space Stat ion 
SDPS 
Advanced SDPS 
Operating 
temperature, 
K 
500 t o  950 
333 t o  422 
450 
Emittance 
goal 
0.85 
.90 
.85 
Desi red 
l i f e t i m e ,  
years 
15 
20 
5 t o  15 
TABLE 11. - SUMMARY OF EMITTANCE ENHANCEMENT RESULTS 
[ A l l  emittance measurements are a t  2.5 pm which corresponds t o  1159 K.1  
Mate r i  a1 
304 Stai  n l  ess 
s tee l  
Copper 
T i  -6741 -4XV 
Nb- 1 %Zr 
€ m i  ttance a f t e r  
t ex tu r i ng  
and ashing 
0.9320. 02 
0.9220.02 
0.8120.02 
0.9320 . 0 2 
(Ashed z72 h r )  
(Ashed z72 h r )  
(Ashed ~ 1 6 0  hr )  
(Ashed A 0 0  hr )  
I I I 
Surface treatment  
HC1 Etching then 
furnace heat ing 
Discharge chamber 
sputter etching 
Sand bl ast i ng , then 
furnace heating 
Propane heat ing then 
furnace heat ing 
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t i o n s  of t h e  above i n  o rder  t o  improve t h e i r  emi t tance.  
techniques w i t h  heat t r e a t i n g  as the second t reatment  prov ided about a f a c t o r  
of two improvement i n  emit tance for  304 s t a i n l e s s  s t e e l ,  Ti-6%A1-4%V, and 
Nb-1%Zr. 
chamber sput te r  t ex tu red  copper. 
asher d i d  not s i g n i f i c a n t l y  change the emi t tance o f  those samples t h a t  had 
been heat t rea ted  as p a r t  o f  t h e i r  t e x t u r i n g  process. An eva lua t i on  o f  oxygen 
pene t ra t i on  i s  needed t o  understand how o x i d a t i o n  a f f e c t s  the  mechanical prop- 
e r t i e s  of these ma te r ia l s  when heat  t r e a t e d .  
Sharon K. Rutledge, Bruce A. Banks, 
16. Abstract 
Combination t reatment  
A f a c t o r  o f  th ree  improvement i n  emit tance occurred for  d ischarge 
Exposure t o  atomic oxygen i n  an RF plasma 
I 
